We derive a Landau free energy functional for polymeric mixtures containing components with different sequence statistics. We then apply this general field theory to two mixtures that belong to the Ising universality class: mixtures of two different linear random copolymers, and ternary systems of linear random copolymers and two homopolymers. We discuss the instability conditions for the homogeneous state of these mixtures, and calculate the structure factors for different components in the homogeneous state. The structure factors show interesting features which can directly be compared with scattering experiments carried out with selectively deuterated samples. We also work out the eigenmodes representing the least stable concentration fluctuations for these mixtures. The nature of these concentration fluctuations provides information regarding the ordered phases and the kinetic pathways that lead to them. We find various demixing modes for different characteristics of the two mixtures ͑e.g., average compositions, statistical correlation lengths, and volume fractions͒.
I. INTRODUCTION
The ability of copolymers to reduce surface tension and help compatibilize polymer blends has led to their use as surfactants, detergents, solubilizers, and dispersion agents. Thus, the behavior of mixtures of copolymers and homopolymers and copolymer solutions is of significant interest. The physics of mixtures of homopolymers, mixtures of copolymers with ordered sequences ͑e.g., diblock copolymers or DCPs͒ and mixtures of such copolymers with homopolymers has been studied extensively ͑e.g., see Refs. 1 and references therein͒. The behavior of such copolymers in solution has also been studied, and much has been learned about the formation of micelles, membranes and other microscopic structures in such systems ͑e.g., Refs. 2-4͒. On the other hand, there are fewer studies of mixtures of random copolymers ͑e.g., Refs. 5-19͒. Mixtures of random copolymers are practically and fundamentally important, however. This is because of the potential for random copolymers to be even more efficient at reducing surface tension compared to copolymers with ordered sequences, 8, 9 and because random copolymers are typically less expensive to manufacture. Another reason for interest in the physics of random copolymers is that they serve as good model systems to study the effects of frustrating quenched disorder embodied in their sequence distributions ͑e.g., Refs. 11 and 12͒. In addition, random copolymers share some common features with biopolymers ͑e.g., Ref. 13͒ . Since many biopolymers function in environments comprised of a mixture of species, a better understanding of random copolymers in mixtures may also provide insights into the physics of important biological processes.
In this series of two papers, we develop a field-theoretic description of polymeric mixtures that include random copolymers, and discuss its applications to mixtures of linear random copolymers ͑LRCs͒ with other types of LRCs, with two homopolymers, and with diblock copolymers ͑DCPs͒. Special attention is devoted to the behavior at the point of instability of the disordered phase. We also discuss direct connections between our results and experiments.
As mentioned earlier, theorists have considered the phase behavior of random copolymers and their mixtures. By using a Flory-Huggins free energy, [14] [15] [16] ternary mixtures of LRCs and two homopolymers have been studied. The free energies of homogeneous phases containing either three or two species are compared in order to determine the equilibrium state for a given set of conditions.
By using a field-theoretic treatment, Shakhnovich and co-workers 18 and Fredrickson and co-workers 19 have studied microphase ordering in LRCs. Different types of phase transitions have been predicted depending on the nature of the correlations that describe the sequence fluctuations. One measure of the range of correlations describing these fluctuations is , which is defined as ϭ P AA ϩ P BB Ϫ1. Here P AA and P BB are the probabilities of finding an A segment following an A segment and finding a B segment following a B segment, respectively. Macroscopic phase segregation to form two liquid phases is predicted when exceeds a threshold value. This segregation has been ascribed to composition fluctuations. For smaller value of , this macroscopic phase segregation continuously changes to microphase segregation through a Lifshitz point. Mixtures of two random copolymers have also been studied by Balazs et al. 20 and Schweitzer. 21 Using a Flory-Huggins theory 20 and a coarse-grained PRISM approach, 21 they find that the conditions for demixing of the homogeneous phase depend on the sequence statistics of the LRCs that comprise the mixture. These studies extend an earlier work by Scott. 22 In this paper, we develop a field-theoretic approach to study polymeric mixtures which contain LRCs. We focus our discussion on the phase behavior of a mixture of two types of LRCs and a ternary mixture of LRCs in two homopolymers. Similar approaches have been used to study mixtures of ͑or polydisperse͒ diblock copolymers by Hong and Noolandi, 23 Benoit and Hadziioannou, 24 Fredrickson and Leibler, 25 Erukhimovich and Dobrynin 26 and Balsara et al. 27 We describe the instability of the homogeneous state and the associated unstable concentration fluctuations of mixtures containing random copolymers in detail. The dependence of the instability condition and fluctuation modes on sequence statistics ͑average compositions and sequence correlation length͒ and volume fractions is studied. Detailed information regarding the dependence of the structure factors for different components and the macroscopic and microscopic phase segregation modes on the LRC sequence statistics is also provided. Furthermore, our theory can be applied to consider ordered microstructures in the weak segregation limit by expanding the free energy functional to a high order in concentration fluctuations ͑generally to quartic order͒. Our field theory does not account for compressibility or local structure on scales shorter than the statistical segment length. This paper is organized as follows: In Sec. II, we derive a field-theoretic framework for studying the segregation of polymeric mixtures which include components that exhibit quenched sequence disorder. We then apply the theory to study two types of mixtures containing random copolymers: In Sec. III, a mixture of two types of LRCs with different compositions and sequence fluctuations is studied, and in Sec. IV, a ternary mixture of LRCs ͑formed by type-A and -B segments͒ and A and B homopolymers is investigated. These systems may be considered to belong to the Ising universality class. We discuss mixtures of LRCs and DCPs in the next paper as it is a system that belongs to the Brazovskii class. In Sec. V, we offer some concluding remarks and highlight pertinent experiments discussed in preceding sections.
II. THEORY
The mixture we investigate contains P types of different polymers, each comprised of either one or two types of segments. For each type of polymer, there are n t chains. Each chain has N t segments ͑with the Kuhn length being l t ͒, of which f t N t are segments of type-A, and (1Ϫ f t )N t are segments of type-B. Each type of polymer is associated with a particular value of ( t ). For this mixture, the partition function can be written as 
͑2͒
where iϭͱϪ1. The term in curly brackets is the entropy corresponding to a given set of macroscopic fields. We define it to be exp͓S(
clear that the entropy can be written as
where S t is the entropy contribution from a single chain of type-t and only depends on the coarse-grained concentrations of species t. This is a reflection of the fact that different chains are coupled via the term corresponding to the energy for given macroscopic fields and the incompressibility condition. Expanding S t in powers of the conjugate fields, ␥ A t and ␥ B t , we obtain the entropy as an expansion in powers of the concentration fields and the conjugate fields. Then, employing a saddle point approximation allows us to obtain the entropy as an expansion in powers of the concentration fields. Taking Fourier transforms, the entropy, upto quadratic order, can then be written as
where V is the volume of the system, and S 0 is a constant which only depends on the average concentration of each species. The concentration fluctuation vector is defined as
Because each species contributes independently to the entropy, M has a blockdiagonal form; i.e., M ϭdiag͓J 1 ,J 2 ,...,J P ͔, with J t ͑tϭ1 to P͒ being 2ϫ2 matrices. All the other elements in M are equal to zero. These J t 's can be obtained for specific types of polymers.
The interchain interactions come from the incompressibility condition and the energetic contributions proportional to the Flory-Huggins parameters. Considering both, the energetic contribution is
where we have assumed the Flory-Huggins parameter, defined by ͑r ជϪr ជЈ͒ϭ
to be of short range (r ជϪr ជ)ϭ␦(r ជϪr ជ). Combining this with the entropy, we obtain the quadratic term of the free energy functional to be
where
Here D is a matrix defined as D 2t 1 Ϫ1,2t 2 Ϫ1 ϭ1 ͑t 1 and t 2 ranging from 1 to P͒, and all the other elements are zero. This structure of D reflects the incompressibility condition. The incompressibility condition also reduces the dimensionality of ⌫ 2 (k). Recall that this condition implies
. This changes the matrix ⌫ 2 from a 2 Pϫ2 P matrix to a (2 PϪ1)ϫ(2PϪ1) matrix. In the following, we choose ␦ B P as the reference concentration fluctuation and we substitute ␦ B
Equation ͑10͒ allows us to obtain the spinodal point of the homogeneous state as well as the structure factors for particular components. The concentration fluctuations that drive the instability are also interesting as they determine the pathways of phase segregation. The eigenvector corresponding to the eigenvalue that equals zero at the spinodal contains this information. We apply the above theory to two specific mixtures which belong to the Ising universality class in this paper and to a case belonging to the Brazovskii class in the following paper.
III. MIXTURES OF TWO DIFFERENT TYPES OF LRCS
This mixture has two species ( Pϭ2). There are n 1 LRC chains with the average composition of A segments being f 1 and the correlation length specifying sequence fluctuations equal to 1 , and n 2 LRC chains with the average composition of A segments being f 2 and the correlation length specifying sequence fluctuations equal to 2 . In the spirit of constructing the simplest picture which captures the essential physics, we assume the two types of LRC chains have the same Kuhn length ͑l, chosen as the unit of the length͒ and the same chain length ͑N͒ with no polydispersity in chain length. It is easy to relax these assumptions, and study a more general case. It is important to note that each chain of a particular species has a different sequence. All sequences of a particular species belong to the same statistical distribution, however. Thus, in the following, we use t (s) to describe the sequence distribution of species t.
In order to obtain the quadratic coefficient of LRCs, we employ a method that we have used previously to study randomly grafted copolymers. 12 We obtain the components of the matrix M(k ជ ) for type-I LRCs to be
where xϭk 2 l 2 /6. The second equalities in Eq. ͑11͒ are obtained by carrying out the quenched average over the sequence fluctuations. For the statistics that characterize the LRC sequences under consideration, this implies making use of the following relations:
In Eq. ͑11͒, g 2 (x)ϭ2͓exp(Ϫx)ϩxϪ1͔/x 2 is the Debye function, and g 2 Ј is a function that defined by
where zϭxϪln͉ 1 ͉. The components of M(k ជ ) for type-II LRCs can be obtained similarly. Now substituting in Eq. ͑8͒ obtains ⌫ 2 for a mixture of n 1 type-I LRC chains and n 2 type-II LRC chains:
Notice that is inversely proportional to temperature. The corresponding reduced 3ϫ3 matrix ␣ ͓Eq. ͑10͔͒ is obtained trivially by imposing the incompressibility condition. This projection from the four-dimensional space
makes the projected axes nonorthogonal. Such a nonorthogonal system complicates the interpretation of the nature of the concentration fluctuations. To overcome this, we make a linear transformation to an orthogonal system as explained in the Appendix. In the new orthogonal system, the eigenvalues and eigenvectors of the 3ϫ3 matrix are calculated. In the homogeneous state, all concentration fluctuations are stable, and so all the eigenvalues of this matrix are positive. The temperature at which the lowest eigenvalue equals zero is the spinodal of the homogeneous state. The eigenvector which belongs to this lowest eigenvalue indicates the least stable fluctuation mode ͑or the least stable direction for the kinetic evolution of the system͒. Next, we present the results of our analysis which shed light on the nature of the instabilities characterizing this mixture. Predictions regarding measurable structure factors are also discussed.
Consider first a mixture of two types of symmetric LRCs ( f 1 ϭ f 2 ϭ0.5), with 1 ϭ0.8 and 2 ϭϪ0.8. So we have a mixture of two ensembles of LRC sequences, one which is statistically blocky ( 1 ϭ0.8) and the other is statistically alternating ( 1 ϭϪ0.8). Figure 1͑a͒ shows the structure factor S 11 (k) corresponding to the scattering pattern of a mixture with deuterated type-A segments in the type-I LRCs ͑which are statistically blocky͒. A peak at kϭ0 is clearly seen. As increases ͑temperature decreases͒, the intensity of this peak grows. The instability ͑divergence of the peak intensity͒ occurs with kϭ0 ͑at ϭ0.4405͒ because of the lack of a natural length scale in the LRC sequences. Figure 1͑b͒ shows the structure factor S 33 (k) corresponding to the scattering pattern of a mixture with deuterated type-A segments in the type-II LRCs ͑which are statistically alternating͒. A peak at kϭ0 is also seen in this case. However, as the temperature changes within the same range as that in Fig. 1͑a͒ , the curves in Fig. 1͑b͒ are almost unchanged. In addition, we find that close to the instability of the homogeneous state the peak intensity for S 11 is much larger than that of S 33 . When the instability occurs, the peak in S 11 diverges while the peak in S 33 does not. The features of structure factors for type-B segments of type-I LRCs (S 22 (k)) and type-II LRCs (S 44 (k)) are similar to those of S 11 (k) and S 33 (k), respectively.
Insight into the reasons that underlie these differences between S 11 (k) and S 33 (k) is provided by the eigenvector shown in Fig. 2͑a͒ II ͑we refer to them as eigenmodes͒. They are obtained directly from the eigenvector corresponding to the smallest eigenvalue at k ϭ0. At all values of , the sum of the four amplitudes is equal to zero, indicating the incompressibility condition. The eigenmodes are normalized so that
The curve labeled 1 represents the smallest eigenvalue, and the curve labeled 2 represents the second lowest eigenvalue. We have rescaled 1 and 2 by the same factor so that they fit in the figure. , and the number ratio is n 1 : n 2 ϭ1 : 1. In ͑a͒, the vertical axis represents the intensity of the structure factor for deuterated type-A segments of the first species of LRCs (S 11 (k)), and in ͑b͒, the vertical axis represents the intensity of the structure factor for deuterated type-A segments of the second species of LRCs (S 33 (k)). It is important to note that the eigenmodes for 1 Ͻ0 provide information pertinent to what happens under supercooling conditions. When considering a temperature quench across the spinodal boundary, the system starts to evolve from the homogeneous state, and the initial direction of evolution is along this least stable mode. Thus, the eigenmodes at 1 Ͻ0 tell the initial direction of the kinetic pathway under different temperature quench conditions.
In Fig. 2͑a͒ , it is clear that the amplitudes for segregation of A and B segments are different for type-I and type-II LRCs. The fluctuation amplitudes of type-I LRCs are much larger than those of type-II. This is because the two types of LRCs are statistically different: type-I chains are statistically blocky ( 1 ϭ0.8) and type-II chains are statistically alternating ( 2 ϭϪ0.8). It is harder to segregate type-A and type-B segments in statistically alternating LRCs because of the higher entropic penalty. Indeed, if we decrease the difference in the values of characterizing the two types of LRC sequences, this difference in the amplitudes is reduced. This is shown in Fig. 2͑b͒ where we have a similar mixture except that 1 ϭϪ 2 ϭ0.2. We also find that in this case the concentration fluctuations become of type-␤ at a higher value of . The spinodal temperature also becomes lower. The reason for the shift of the spinodal to lower temperatures is that demixing of the homogeneous state is dominated by the statistically blocky LRCs ͑species I͒, and as the sequence fluctuations of the statistically blocky LRCs become correlated over shorter scales ͑smaller 1 ͒, it becomes entropically more difficult to separate the type-A and type-B segments.
We demonstrate the dependence of the value of corresponding to the spinodal ( s ) on 1 and 2 in Fig. 2͑c͒ . These results show that the spinodal temperature decreases sharply as 1 and 2 become strongly statistically alternating. This comes from the severe entropic penalty for statistically alternating LRCs to exhibit type-␤ concentration fluctuations. A ridge occurs along the locus 1 ϭ 2 . This is because, for fixed 1 ϩ 2 , going from 1 ϭ 2 to 1 2 necessarily increases the correlation length characterizing the sequences of the statistically blocky of the two types of LRCs. This, in turn, makes type-␤ concentration fluctuations more facile because the segregation is dominated by the statistically blocky LRCs.
In Fig. 3 , we show the eigenmodes and eigenvalues of a mixture of two LRCs which are asymmetric in composition. The two types of LRCs have the same composition f 1 ϭ f 2 ϭ0.2, but different values of ( 1 ϭϪ 2 ϭ0.8). The eigenmodes of this mixture show complicated variations with temperature. At low values of ͑or high temperature͒, the least stable fluctuation is again the segregation of type-I and type-II LRCs ͑type-␣ concentration fluctuation͒. As the two smallest eigenvalues approach each other, the least stable concentration fluctuations smoothly pass through the following three segregation types: type-B segments of type-I LRCs segregate from all other segments ͑type-␥ B concentration fluctuation͒ in a narrow temperature window, followed by type-A and type-B segments segregating ͑type-␤ concentration fluctuation͒ in another narrow window, and finally type-A segments of type-I LRCs segregate from all the other segments ͑type-␥ A concentration fluctuation͒ at low temperatures. Notice that at the spinodal, the concentration fluctuations are of type-␤.
At high temperature, entropic penalties are dominant. So, the least stable concentration fluctuations are those which cost least entropy. Therefore, in Fig. 3 , at high temperature, we get type-␣ concentration fluctuations. At low temperatures, type-␥ A concentration fluctuations occur because of the following reason. Statistically blocky LRCs with f 1 0.5 exhibit concentration fluctuations with their type-A and type-B segments segregated with relative ease. This is because composition fluctuations leading to long runs of type-A segments become likely. It is difficult ͑entropically͒ to segregate the type-A and type-B segments of the statistically alternating LRCs. So, since the statistically alternating LRCs are largely composed of type-B segments, energetic and entropic considerations lead to their aggregating with the type-B segments of the statistically blocky LRCs. At intermediate temperatures, energetic and entropic factors conspire to cause the complicated changes in the unstable modes depicted in Fig. 3 . At the present time, we have no clear explanation for these complicated variations.
In Fig. 4 , the eigenmodes and eigenvalue of a mixture of two asymmetric LRCs with different fractions ͑f 1 ϭ0.8, f 2 ϭ0.2͒ and different values of ( 1 ϭϪ 2 ϭ0.8) are shown. The second lowest eigenvalue is much larger than the lowest eigenvalue, and it is not presented in the figure. It is clear that there is only one segregation mode in this case; i.e., of type-␣. This is because the difference in average compositions of type-I and type-II LRCs is so large that the unfavorable interactions between type-A and type-B segments separates the type-I ͑almost A͒ and type-II ͑almost B͒ LRCs.
In and f 2 is clearly different from Scott's mean-field prediction 22 that s only depends on ͉ f 1 Ϫ f 2 ͉. This difference is the largest when f 1 ϭ f 2 , where the sequence statistics plays an important role. When ͉ f 1 Ϫ f 2 ͉ is large, Scott's result becomes more accurate.
For a better understanding of these findings, it is instructive to consider the types of the concentration fluctuations at the spinodal ͑we shall refer to them as segregation types͒. In Figs. 6͑a͒ and 6͑b͒, we depict the different types of segregation using a gray scale. The two figures differ in the volume fractions of the two types of LRCs. Both figures show that when ͉ f 1 Ϫ f 2 ͉ is large, type-␣ segregation happens because the two types of LRCs are so different in composition. On the contrary, when ͉ f 1 Ϫ f 2 ͉ is very small, type-␤ segregation happens. 28 This is because of two reasons. When
there is no significant energetic advantage for the two types of LRCs to segregate ͑i.e., type-␣ segregation͒. Type-␤ segregation, however, does lead to significant energetic gains because the unfavorable interactions between type-A and type-B segments are minimized. However, type-␤ segregation is entropically expensive. The entropic costs to form A-rich and B-rich domains depend upon the average compositions and the composition fluctuations. For given 1 and 2 , equal average compositions makes the two types of LRCs most compatible for forming A and B microdomains. Our results indicate that this along with the energetic advantage leads to type-␤ segregation when f 1 Ϸ f 2 .
In the intermediate region between type-␣ and type-␤ segregation, type-␥ A and type-␥ B segregation take place. We find that in both type-␥ A and type-␥ B segregation, the type-A and type-B segments of the LRCs with the smaller value of 
FIG. 6. Segregation types for different average compositions of two types of
LRCs with 1 ϭϪ 2 ϭ0.8. From the lightest to the darkest, the gray scale represents the regions in which ␣, ␤, ␥ A , and ␥ B types of concentration fluctuations occur at the spinodal. The number ratio is ͑a͒ n 1 : n 2 ϭ10 and ͑b͒ n 1 : n 2 ϭ20. The chain lengths are N 1 ϭN 2 ϭ1000 in both cases.
do not demix. This is because the entropic penalty to separate type-A and type-B segments is larger than that for LRCs with larger values of . The reason the system chooses type-␥ A or type-␥ B segregation at different average compositions of LRCs lies in interaction energy changes. Compared with type-␤ segregation, the energy gain associated with concentration fluctuations of type-␥ A is proportional to ͓(1 Ϫ f 1 ) f 2 ͔, while the energy gain of concentration fluctuations of type-␥ B is proportional to ͓ f 1 (1Ϫ f 2 )͔. Thus when f 1 Ͼ f 2 , type-␥ A segregation is favored on energetic grounds. A decrease in s is observed as we go from type-␤ to type-␣ segregation region ͑see Fig. 5͒ . This is because type-␤ segregation is associated with the largest entropic loss, and so it happens at the lowest temperature; type-␣ segregation leads to the lowest entropic loss, and thus it happens at the highest temperature. Type-␥ A and type-␥ B happen at intermediate temperatures.
Comparing Figs. 6͑a͒ and 6͑b͒, we see that the region where type-␣ segregation occurs decreases while the areas for the type-␥ segregation increase as the volume fraction of statistically blocky LRCs increases. 28 This is because a higher volume fraction of statistically blocky LRCs decreases the total entropic penalty of separating type-A and type-B segments in the mixture. This demonstrates the importance of the volume fractions of the two types of LRCs in the mixture in determining the demixing conditions.
In Figure 7 we show the dependence of s on the volume fraction of LRCs of type-I ( 1 ). For f 1 ϭ f 2 , increasing 1 results in a monotonic decrease in the value of s . However, slightly away from f 1 ϭ f 2 , s exhibits a minimum at a special value of 1 . As ͉ f 1 Ϫ f 2 ͉ increases, this special value approaches 1 ϭ0.5, and s decreases progressively. To understand this, let us first consider the limit of large ͉ f 1 Ϫ f 2 ͉. In this case, the segregation is of type-␣ because the mixture is close to a blend of two different types of homopolymers. As for homopolymer blends, when the volume fractions of each component are equal, the transition temperature to a two-phase state is the highest. This is why the minimum of s approaches 1 ϭ0.5 when ͉ f 1 Ϫ f 2 ͉ is large. On the other hand, when f 1 ϭ f 2 , we find the segregation is of type-␤. When 1 increases ͑more statistically blocky LRCs͒, it is easier for type-␤ segregation to occur. So, s decreases monotonically. Between the two limits, we find an intermediate region which exhibits a minimum and the minimum approaches 1 ϭ0.5 with increasing ͉ f 1 Ϫ f 2 ͉. The variation of s with volume fraction discussed above suggests that, for a given choice of the two types of LRCs, a particular volume fraction will allow experimental study of the demixing phenomenon at the highest temperature. This particular choice of the volume fraction may thus be the most convenient system for experimental studies.
IV. TERNARY BLENDS OF LRCS IN TWO HOMOPOLYMERS
In this case, LRCs consisting of type-A and type-B segments are in a mixture with type-A and type-B homopolymers. We study the demixing of the homogeneous state of this mixture and its dependence on the characteristics of the three types of polymers.
At this point we want to emphasize differences between our field-theoretic treatment and previous work using a Flory-Huggins free energy approach. [14] [15] [16] [17] In these studies, only three independent concentrations are considered; viz., the concentrations of type-A homopolymers, of type-B homopolymers and of LRCs. Because of this, the segregation of A and B segments of LRCs is not discussed. In our fieldtheoretic treatment, besides a careful account of the entropic contribution, we explicitly study concentration fluctuations of all four independent components in the mixture, including concentration fluctuations of type-A and type-B segments of LRCs. In addition, unlike the previous studies, we obtain and describe the eigenmodes which determine the unstable concentration fluctuations. These concentration fluctuations are announcements of the impending phase transition, and also tell us about the pertinent kinetic pathways.
Following Eq. ͑8͒, we obtain the quadratic coefficient in the free energy functional for this mixtures: where M i j I (k)(i, jϭ1,2) is defined in Eq. ͑11͒, xϭk 2 l 2 /6, n 2 and n 3 are the number of homopolymer chains of type-A and type-B, and N 2 and N 3 are the chain lengths of type-A and type-B homopolymers. ͑In the following, subscripts 1, 2, and 3 represent LRCs, type-A homopolymers and type-B homopolymers, respectively.͒ The corresponding reduced 3 ϫ3 matrix is obtained from Eq. ͑10͒. Again, to reveal the essential physics of the demixing process of this mixture, we study the case of N 1 ϭN 2 ϭN 3 ϭ1000 and l 1 ϭl 2 ϭl 3 ϭl ͑and we choose l as the unit of length͒.
In Fig. 8͑a͒ , the structure factors from deuterated A segments of LRCs (S 11 (k)) at different Flory-Huggins parameters are presented. These curves show little change from ϭ0.002 to ϭ0.0029 and S 11 (k) does not exhibit any divergences. In the same range of , the structure factors of deuterated type-A homopolymers (S 33 (k)) show a large change ͓see Fig. 8͑b͔͒ . In this figure, as the temperature is lowered, the peak intensity at kϭ0 grows. We find that S 33 (k) diverges at kϭ0 upon lowering temperature. Thus, in the following, we only show the eigenmodes for kϭ0. The features of structure factors for type-B segments of LRCs (S 22 (k)) and type-B homopolymers (S 44 (k)) are similar to those of S 11 (k) and S 33 (k), respectively.
The least stable eigenmode of a mixture of LRCs with symmetric composition ( f 1 ϭ0.5) and 1 ϭ0.8 in a mixture of n 1 : n 2 : n 3 ϭ1 : 1 : 1 is shown in Fig. 9 . The curve labeled 1 represents the smallest eigenvalue. The curves labeled A 1 , B 1 , A, and B represent the normalized amplitudes for the concentration fluctuations corresponding to the eigenvalue 1 for type-A segments of LRCs, type-B segments of LRCs, type-A homopolymers and type-B homopolymers, respectively. Concentration fluctuations leading to a segregation of the two types of homopolymers is obvious in the temperature window shown in Fig. 9 . The segregation of A 1 and B 1 occurs to only a small extent even when the temperature is lowered below the spinodal value ͑defined by 1 ϭ0͒. This segregation is even smaller for statistically alternating LRCs. The small extent of segregation of segments of LRCs is because a large entropic penalty is associated with this type of separation. This penalty is larger when 1 is smaller, and hence, the statistically alternating LRCs segregate to a lesser extent. By using a similar terminology as in the previous section, we can say that, through the whole temperature window shown in Fig. 9 , the eigenvector indicates a type-␤ segregation.
The least stable eigenmodes of this ternary mixture with compositionally asymmetric LRCs is shown in Fig. 10 , and is in stark contrast to the results displayed in Fig. 9 . In Fig.  10 , the statistically blocky LRCs ( 1 ϭ0.8) have less type-A segments ( f A ϭ0.2). We find that the least stable concentration fluctuation through the whole temperature window is such that the LRCs segregate from type-A homopolymers ͑type-␥ A concentration fluctuation͒. This is because type-B is the major component of the LRC segments, which makes LRCs favor type-B homopolymers. Similar results are obtained for statistically alternating LRCs.
In Fig. 11 we show the dependence of s on the sequence statistics of the LRCs ͑measured by 1 and f 1 ͒. We N 1 ϭN 2  ϭN 3 ϭ1000 , and the number ratio is n 1 : n 2 : n 3 ϭ1 : 1 : 1. In ͑a͒, the vertical axis represents the intensity of the structure factor for deuterated type-A segments of the first species of LRCs (S 11 (k)), and in ͑b͒, the vertical axis represents the intensity of the structure factor for deuterated type-A homopolymers (S 33 (k)). see that changes in 1 have a small effect on s . In contrast, f 1 has a dramatic effect on s . A mixture containing symmetric LRCs ( f 1 ϭ0.5) exhibits the largest value of s . Thus, they are the most efficient compatibilizers for blends of different homopolymers. For a fixed average composition, we show the dependence of s on 1 for a mixture containing symmetric LRCs in Fig. 12 . It is clear that decreasing 1 leads to an increase in s . This is consistent with the fact that statistically alternating LRCs experience larger entropic penalties when separating type-A and type-B segments.
By putting PS-r-PVP into a thin film containing PS and PVP homopolymers ͑PS and PVP are immiscible and form a sharp interface͒, Dai et al. 8 found that the maximum interfacial reinforcement occurs at f PS ϭ0.5. Although these experiments were performed under strong segregation conditions, and our study of the ternary mixture is for the weak segregation limit, demixing of the homogeneous phase is associated with an increase of surface tension between two homopolymers. In this sense, our results shown in Fig. 11 are consistent with the findings of Ref. 8 . On the other hand, Kulasekere et al. 9 found that, by putting PS-r-PMMA into a thin film containing PS and PMMA homopolymers, the maximum interfacial reinforcement occurs at f PS ϭ0.68. The authors of Ref. 9 explained this difference by considering the Flory-Huggins parameter to be concentration-dependent for PS and PMMA, but concentration-independent for PS and PVP. Figure 13͑a͒ shows the dependence of s on n 2 and n 3 . The surface defined by s is symmetric with respect to n 2 and n 3 . The surface also has a valley when n 2 ϭn 3 . This is similar to the phase behavior of a binary homopolymer blend. The similarity is due to the fact that the demixing in our case always requires the demixing of the homopolymers. For small volume fraction of the homopolymers, Fig. 13͑a͒ shows that s increases rapidly. This is because it is entropically more costly to segregate the A and B segments when there are more LRCs. Figure 13͑b͒ shows the types of segregation for different values of n 2 and n 3 for a ternary mixture containing LRCs with symmetric composition. We find that around n 2 ϭn 3 , type-␤ segregation occurs. For n 2 Ͼn 3 , we find type-␥ A segregation, and for n 2 Ͻn 3 , we find type-␥ B segregation. The reason why the type-␥ A and type-␥ B regions are located above and below the line n 2 ϭn 3 is explained by the energy change arguments similar with those we made in Sec. III in the context of LRC mixtures ͓with f 2 replaced by n 2 N 2 /(n 2 N 2 ϩn 3 N 3 )͔. Figure 14 shows the segregation types for a ternary mixture with asymmetric LRCs. We find that the type-␤ segregation region tilts to the region wherein n 2 Ͻn 3 , and the area representing type-␥ A segregation becomes larger. This is because the LRCs have more type-B segments, and therefore it is easier for them to aggregate with type-B homopolymers.
In the experiments of Kulasekere et al. 9 for PS-r-PMMA in a thin film composed of homopolymer PSs and PMMAs, it is observed that PS-r-PMMAs are miscible ͑inmiscible͒ in PSs for f PS Ͼ0.78(Ͻ 0.78), and are miscible ͑inmiscible͒ in PMMAs for f PS Ͻ0.6(Ͼ 0.6). In the intermediate range of LRC compositions, PS-r-PMMAs locate at the PS/PMMA interface. Although our theory is applicable in the weak segregation limit, these experimental findings are qualitatively manifested in our results ͑see Figs. 13 and 14͒. When the fraction f 1 decreases, for a fixed ratio of n 2 : n 3 , the segregation types change from type-␥ B to type-␤ and eventually to type-␥ A . In between, the segregation is of type-␤, which indicates a kinetic pathway to a final phase wherein the LRCs locate at the interface of the two types of homopolymers. By adding random copolymers to binary homopolymer blends, Rigby et al. 15 find a maximum in the spinodal temperature when the two homopolymers have different volume fractions, and a monotonic decrease of the spinodal temperature when the two homopolymers have the same volume fractions ͑see Fig. 1 Fig. 13͑a͒ . Away from n 2 ϭn 3 addition of LRCs is equivalent to decreasing the value of n 2 and n 3 , keeping n 2 : n 3 fixed. Generally, a nonmonotonic variation is seen whenever n 2 : n 3 1 : 1. The value of s decreases first and then increases beyond a threshold. The point where n 2 ϭn 3 gives the minimum value of s . In contrast, along the n 2 ϭn 3 line, adding LRCs makes the values of s increase monotonically. These findings are consistent with Ref. 15 .
V. CONCLUDING REMARKS
Random copolymers with linear architectures ͑LRCs͒ are manufactured in large amounts. The resulting material often contains a mixture of LRCs with different sequence statistics. LRCs also offer much potential for compatibilizing homopolymer blends. Understanding the phase behavior of mixtures of LRCs and other polymers is thus of some practical importance. LRCs have also been shown to be good model systems to study the effects of frustrating quenched randomness ͑embodied in the sequence distribution͒.
Motivated by these fundamental and practical concerns, we have developed a field theory to describe the behavior of mixtures of LRCs and other polymers. The theory treats the quenched disorder carried by the sequence distribution explicitly. Unlike Flory-Huggins approaches employed in the past, the concentrations of each type of monomer in each type of chain are the order parameters. This is a nontrivial point as our results show the existence of segregation modes ͑e.g., of the type-␤͒ which cannot be found without explicit treatment of each type of entity. Our theory allows us to consider the entire phase diagram including the ordered phases. However, in this paper, we have restricted attention to the conditions which make the homogeneous state unstable. Special attention is given to the nature of the unstable concentration fluctuations at the spinodal and below it. These concentration fluctuations are announcements of the impending phase transition, and provide information concerning the most facile kinetic pathways and the behavior of supercooled mixtures. We also predict pertinent scattering profiles.
For LRC mixtures, we find that, depending upon the type of mixture, four distinct types of concentration fluctuations lead to the spinodal instability. The instability always occurs with k*ϭ0, and the scattering profiles are predicted to be dramatically different depending upon which moieties are deuterated in experiments. For LRCs in a ternary mixture with two homopolymers, only three types of concentration fluctuations occur at the spinodal. Our results seem consistent with some existing experiments.
The results that we describe can be tested directly by scattering experiments with selectively deuterated samples ͑e.g., Ref. 5͒. For example, the equilibrium scattering profiles can be directly compared to our predictions. Perhaps even more interestingly, experiments that measure the dynamic modes could be compared to our considerations of the unstable concentration fluctuations. Such experiments would serve as motivation for further theoretical work on the kinetic pathways for the phase transitions under consideration.
In this paper, we have used our theory to study systems that belong to the Ising universality class. In the following paper, we examine mixtures of LRCs and diblock copolymers-a system in the Brazovskii class.
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APPENDIX
The incompressibility condition imposes the requirement ⌺ tϭ1 P ␦ A t (k ជ )ϩ␦ B t (k ជ )ϭ0. Including this condition into the free energy functional decreases the number of independent order parameters by one. Accordingly, the 2 Pϫ2 P matrix ⌫ 2 (k ជ ) becomes a (2 PϪ1)ϫ(2PϪ1) matrix. This procedure is equivalent to a projection from 2 P dimensions onto the 2 PϪ1 dimension plane ͑1, 1,..., 1, 1͒. Here the 2 P dimensions are in a coordinate system (␦ A 1 , ␦ B 1 ,...,␦ A P ,␦ B P ). However, the resulting matrix in the 2 PϪ1 dimension plane is not in an orthogonal system because the projection of an orthogonal coordinate system is not necessarily an orthogonal coordinate system itself. Thus, we cannot obtain the eigenvalues and eigenvectors directly from matrix ␣ ͓see Eq. ͑10͔͒.
To overcome this, we perform a rotational transformation on the matrix. There are many ways of doing this. In the following, we choose Pϭ2 ͑four-dimensional space͒ to illustrate such a rotational transformation.
In the four-dimensional space, we choose the new coordinate system such that ê 1 Јϭ1/2)(3,Ϫ1,Ϫ1,Ϫ1), ê 2 Ј 
͑A1͒
The 3ϫ3 matrix in an orthogonal coordinate system is thus obtained by
where the matrix product is taken through the first three dimensions, and ␣ is the matrix defined in Eq. ͑10͒. For example, S 11 is the structure factor for type-A segments of species 1. In this case, the elements of the fourth column and the fourth row of matrix ␣Ј Ϫ1 are equal to zero.
